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This report was prepared as an account of Government-sponsored worke.
Neither the United States, nor the National Aeronautics and Space
Administration (NASA), nor any person acting on behalf of NASA:
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Makes any warranty or representation expressed or
implied with respect to the accuracy, completeness,

or usefulness of the information contained in this
report, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately-owned rights; or

Assumes any liabilities with respect to the use of,

_or for damages resulting from the use of any informa-
_ tion, apparatus, method, or process disclosed in this
report.

As used above, "person acting on behalf of NASA" includes any employee
or contractor of NASA, or employee of such contractor, to the extent
that such employees or contractor prepares, disseminates, or provides
access %to, any inforrpation pursuant to his employment or contract with
NASA, or his employment with such contractor,
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I. SUMMARY

The purpose of the investigations described in this report was to
continue empirical studies on biochemical fuel cells for degrading human wastes
and producing electrical energy therefrom. Specifically, the study includes
the attachment of organisms to electrode materials, electrode pretreatment and
configuration, the selection of sultable organisms and separator materials,
selection of electrolytes and additives, structural materials and control
devices, and storage and performance characteristics.

During the fourth gquarter, investigations were conducted in pre-
treating human waste by adding selected micrcorganisms to sterilized (auto-
claved) human wastes. The microorganisms selected were Escherichia coli and
Clostridium sporocgenes; reaction te atures were maintained at T5°F or 95-
100°F. These organisms were not as effective as indigenous microorgenisms in
rroducing electricael power.
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The effect of bubbling the fuel-anolyte with inert gas was also eval-
uated, and it was found to be effective in increasing the anocdic open-circuit
current density. Bomb calorimetric determinations of the heat of combustion
of lyophilized humen feces indicated a value of about 4,600 calories per gram.

Platinized platinum alloy screen (90% Pt - 10% Rh) was found to be
essentially as effective as platinized platinum foil for these reactions. A4
reproducibility study indicated that the results of the present experiments
are comparable o those obiained in eerlier stages of this investigation. The
first experimeny was conducted in which human waste is being degraded by elec-
trochemicas energ ts have shown that the cathode (non-biological)
recetion Ic rote determining. Polerogrephic studies of relatively pure compo-
nentes of hwron waste are teing initiated. Electrical power output from feces
(in delonized water) was found to be negligible. Literature surveys are
being centinued in uppropriate areas.
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I1. - INTRODUCTION

This report covers the progress attained during the Fourth Quarter,
1 February 1964 through 30 April 1964, in the Study of Biochemical Fuel Cells,
Contract No. NASW-654. The purpose of this program is to conduct empirical
studies on biochemical fuel cells for producing electrical energy through
degradetion of human waste.

*Tmphasis will be placed during the duration of this contract on this seriles
of experiments, in which humen waste is being degraded by electrochemical
energy.
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I1T. DISCUSSICH

During the past guarter, investigations have been conducted on the
subject contract under the following general topics:

a. Pretreatment of humen waste by adding selected microorganisms;

b. Effect of bubbling fuel-anolyte with inert gas;

¢c. Bomb calorimetric studies of the heat of combustion of
lyophilized, human feces;

d. Effect of electrode metal;

e. Reproducibility studly;

f. Effect of imposing & sustained electrical current on the
biofuel cell, to degrade the waste;

g. Determination of whether the znode or cathode reaction is
rete limiting;

h. Polarographic studies; and

i. Continuations of the literature surveys associated with
these studies.

During this contract, attempts have been made to eliminate variables,
wherever possible, and to concentrate upon the reactions in the anodic half-
cell. TFor that reaso“, the experimental conditions outlined in Table I of the
Arpendix apply throughout this report, unless otherwise specified.

A. Pretrestment of Humen Waste by Adding Selected Microorganisms

Two experiments were conducted to determine the electrochemical
activity of human waste mixtures to which selected microorganisms had been
added.

The conditions of the experiments were essentially the same as
those outlined for the non-flow system in Teble I of the Appendix, except
that the feces-urine mixture was sterilized of indigenous microorganisms, by
autoclaving at 250°F for 20 minutes.

In one experiment, 1% of a culture of Escherichia coli in
nutrient broth was added to the sierile feces-urine fuel-anolyte mixture. Two
cells were thus assembled, one maintained at room temperature (approximately
75°F) and the other 1ncubated et 95-100°F (essentially body temperature).
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During the first 85 hours of this experiment, the anodic open-
circuit potentials of the two cells were essentially the same. After that
time the anodic open-circuit potential of the cell maintained at room temper-
ature was 150 to 250 millivolts better than that of the incubated system. The
total time of the experiment was 350 hours. Polarization and power data for
this experiment (No. 57) are summarized in Table IV of the Appendix.

In another experiment, conducted in a menner similar to that
described sbove, a 1% culture of Clostridium sporogenes in nutrient broth was
added to the sterilized fuel-anolyte instead of the E. coli. Again, two cells
were assembled; one was maintained at room temperatd;e i75°F) and the other
wes incubated (95-100°F).

The snodic open-circuit potential of the incubated cell was
approximetely 250 millivolts better than that of the cell et room temperature
for the period from 15 to 57 hours, then they became essentially the same for
the next 94 hours. Polarizetion and power data for this experiment (No. 58)
are summarized in Teble IV of the Appendix.

On the basis of these experiments, there seems to be no signif-
icant effect of raising the reaction temperature from room temperature 1o a
standard incubation temperature, end these microbes were not as effective as
indigenous microorgenisms in producing electrical power.

B. IEffect of Bubbling Fuel-Anplyte with Inert Ges

An experiment wes conducted to determine the effect of bubbling
the fuel-anolyte mixture with inert ges (helium), to provide agitation and
remove gaseous products; the gaseous products may be either inhibitory or
ernhancing to biofuel cell reactions.

The conditions of the experiment were essentielly the same as
those described for the non-flow system in Teble I of the Appendix, except
that two cells were assembled. The fuel-snolyte of one cell was bubbled with
helium, es is customary, while that of the second cell was not bubbled with
gas. Agltation was provided for the second cell by means of a mechanical
sheker; the second cell wes maintained gas tight to avoid loss of gaseous pro-
ducts. Data were obtained at various times during the experiment, and &
summary 1ls presented in Teble IV of the Appendix. (Run 59)

It 1s epparent that bubbling the fuel-anolyte 1s edvantegeous,
in contrast to mechanical egitation, because both the best anodic open-circuilt
potential and the short-circuit current density are better for the bubbled
system. This indicates that some inhibitory substances are being removed
from the cell by bubbling, and that the agitation provided b, bubbling is
sufficient to minimize polarization.
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C. BRomb Calorimetric Studies of the Heat of Combustion of Lyophilized,
Humen Feces

Samples of previously frozen human feces, obtained from volunteers
on & low-cellulose diet, were lyophilized. Two of these samples were then
combusted in an oxygen bomb calorimeter, and the gross heat of combustion was
found to be 4591 and 4697 calories per gram. A summary of the data is presented
in Table II of the Appendix.

It may be noted that these values are higher than some values
that have been calculated and reported in the literature, based upon estimated
compositions of human feces and the heats of combustion of the components.

D. Effect of Electrode Metal

One of the objectives of this study 1s to evaluate electrode
meteriels. This phase of the program has been held in abeyance, to permit
emphasis on more fundamental aspects of the problem.

However, noble metal screen (90% Pt - 10% Rh) is available for
fabricesting electrodes, and a measurement was mede of the potentials obtain-
eble with this platinized metal as compared to pletinized platinum foil. It
was found thet the arodic open-circuit potential of platinum foil in the non-
flow system was eppreximately 0.1 volt higher than that of the platinized
Pt-Rh screen, cven though the fuel-anolyte in the two systems was obtained
from the szme mixture.

The test was repeated, using platinized platinum foil in both
the flow and non-flow systems, and using portions of a single fuel-anolyte
mixture. Agairn, the open-circuit ancdic potential was greater in the non-
flow system.

It was postulated that a possible explanation for this difference
in potentials might be found in the methods of introducing gases to the elec~
trodes. An experiment was conducted to determine the magnitude of this effect.

In this experiment, four cells were assembled and run simulta-
necusly. One was a plastic cell in a flow system. The other three were H-cells
(non-flow) that differed in the following respects: (&) Gas bubblers were
placed below the electrodes, as customary; () gas bubblers were placed above
the electrodes; and (¢) gas bubblers were placed below the bubblers as usual,
but only the supernetant liquid of a feces-urine mixture wz2s used as the fuel-
anolyte. The experimental conditions were the same &s those described in
Table I of the Appendix, except that foil electrodes were used in the flow

syitem, and the catholyte contained 2-1/2 weight percent NaCl and 2-1/2 percent
KCl.
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These cells provided a method of determining whether the differ-
ence in potentials obtzined with the flow and non-flow systems (both employing
plastic foil electrodes) could be caused by the leck of contact of the ancde
in the flow system with solid feces, or whether the inclusion of bubbles of
gas in the electrolyte (e.g., oxygen) might be effective in increasing the
electromotive potential in the H-cell.

The results are summarized in Table IV (Experiment 65), and it
is apparent that the peak anodic power density was not improved by bubbling
the gases directly into the plastic cell (compare the data of Experiment 65
f this report with Experiment 1, Table IV-A, of the Second Quarterly Report).
However, it was found that the open-circuit anodic potential of the flow system
exceeded that of the normal H-cell for a period of time (see Figure 1). The
reeson for the delay in attaining an open-circult potential of approximately
500 millivolts in the plastic cell, as well as the reason for the potential of
the normal H-cell ultimately pynppd~rv that of the plastic cell, have not yet

Dt ¥

been determined but are doubtless due to microbiological reactions.

The data of Experiment 65 further showed that placing the gas
bubblers below the electrodes, as has been done in most of these experiments,
is more effective for agitation but does not cause any higher cathodic poten-
tial than if the bubbler is gbove the electrode so that it merely saturates
the electirolyte but deces not bubble gases across the electrode. The data
also showed that the supernatant fuel-anolyte mixture conteining no solids
is essentially as effective as the fuel-anolyte containing solids.

E. Reproducitility Study

1lity run was made with the non-flow,
ditions were the same as those described

A standard reproduc Ty
ticel date from the experiment were

ibi
I-cell system. The experimental co ti
n Table I of the Appendix. The statis
atisfactory.

"

1
n

»
*

m o)

Three cells were used, and the statistical data covering the
first 27 hours of the experiment are tabulated below:

This Previous
Bxperiment Experiments
Mean of Maximum Differences
cf Potentials (volt} 0.038 0.009 - 0.114
Mean Deviation 0.036 ---
Variance 0.003 0.000 - 0.004

Standard Deviation 0.056 0.00 - 0.06
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In addition to the anodic open-circuit potentials usually
obtained in these reproducibility runs, polarization runs were also made and
power curves were drawn. The three curves were obtained over a period of 30
: hours, so there might be some minor variations in power output due to meta-
; bolic activity. However, the data showed that the open-circuit potential

+ remained essentially the same throughout this time period. A sumary of the
‘ data is presented in Teble IV (Experiment 62).

F. Effect of Imposing & Sustained Electrical Current on the Biofuel
Cell to Degrade the Waste

A potential of approximeately 1.2 volt was imposed in series on
the blofuel cell to increase the current flow and the resulting electrochemical
reactions occurring over a given time period. The current flow varied from 50
to 70 microemperes, the total time elspsed was 20 days, and the totel current
was 57.3 coulcmbs. A control cell was assembled, using a portion of the same
fuel-anolyte mixture as that in the cell that hed the imposed potential.

It is impracticel to meke a deteailed chemical analysis of the
humen waste before and after experiment to determine the effect of the imposed
potential, because of the complex nature of the material. The most expedi-
tious alternative is to make bomb calorimetric determinations of the heating
velues, after lyophilization, of feces-urine mixtures from {a) the original
sample, (b) the control cell, end (c) the cell subjected to the electrical
f current. The materisl has been lyophilized, and the bomb calorimetric deter-
minations will be mede during the next month. Bomb calorimetric data will be
useful in determining the change in energy content of the fuel, and its
; resultant state of degradation.

Py o gy

G. Determinegtion of Whether the inode or Cathode Reeaction is
Limiting

In the previous experiments the anode and cathode areas have
been equal. An experiment has been conducted during the past quarter in
which two flow cells were used (in perasllel), both having electrodes of
unequal areas, Lo determine which reaction is rate limiting. The electrodes
: are described below:

! Cell I - Anode: Platinized Pt foil, 1 sq. in.; non-opposing
i faces coated with water repellent paint

Cell I - Cethode: Pletinized Pt foil, 2-1/8-1in. cleer dla.,
3.56 sq. in.

Cell II - Anode: Platinized Pt foil, 2-1/8-in. clear dia.,
3.56 sg. in.

Cell II - Cathode: Platinized Pt foil, 1 sq. in.; non-opposing
faces coated with water repellent peint
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In all other respecits, the experimental conditions were the seme
as those described in Table I of the Appendix. A summary of the results is
presented in Table IV (Experiment 6k4).

On the basls of these data, it is apparent that the cathode
reaction is limiting, since the use of a larger cathode permits more current
to flow, whereas using a smaller anode does not decrease the current flow.

H. Polarograpvhic Studies

A Polarecord E261 polarographic instrument (Metrohm AG Herisau,
Schweiz) is being calibrated to be used in obtaining polarographic data on
relatively pure solutions of components present in large proportions in urine
end feces. This information will be used to determine potentials at which
decompositions or other reactions can be expected to occur. This information
is necessery end will be employed in the present progrem of applying poten-
tiels to the cells to degrade humen weste.

I. Power Qutput of Feces without Urine

In the past, some experiments were run to determine the effect
of feces-urine concentration upon the power output of the biofuel cell. Those
concentrations varied from pure urine to a mixture containing 40 grams feces

in 100 milliliters urine.

fol)

An experiment wes run during the past guarter to determine the
electrochemical properties of feces without urine. The conditions of the
experiment were the same as those for the non-flow system described in Table
I of the Appendix, except that deicnized, distilled weter was used instead of
urine The data irndiceted that the power output from feces alone was negli-
ble, elthough it had been found that the feces was effective when added to

tne urine (see Section III. B. 2. e, Second Quarterly Report).

X

-

sy

Celluwlase was added to the feces in an effort to decompose the
cellulose, but without noticesble effect.

J. Continuation of Literature Surveys

Throughout this progrem, the literature haes been consulted for
electrochemical, microbiologicael, material effects, and other pertinent
informatlon end date. These surveys &re made concurrently with
experimentation.

One item of interest recently has been to obtain the proximate
enalysis of feces. Fortunately, this information has been found in the liter-
zture, and is included in this report as Table III of the Appendix. It will
be noted that only approximately 84% of the contents of feces has been
identified.
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Iv. FUTURE WORK

During the next guarter, experiments will be conducted in the follow-
ing general areas:

1.

Bomb calorimetric determinations of the heating value of human
waste after various degradation treatments;

Use of electrochemical and microbiological reactions to degrade
human waste;

Determination of limiting current densities of the various
reactions;

Measurement of physical properties of the fuel-anclyte, including
PH, viscosity, density, surface tension, heat capacity, and
electrolytic conductivity, at various concentrations and
temperatures;

Isolation of microbes from human waste, as well as from soil,
sewage, etc., to permit development of those bacteria which are
most beneficial and can compete most effectively with indigenous
microorganisms in waste degradetion and electrochemical power
generation;

Use of non-indigenous microorganisms to further degrade human
waste after initisl degradation in a biochemical fuel cell;

Addition of substances which will enhance microbioclogical
activity in the biofuel cell; and

Study of thermophilic microbial activity, similar to composting,
for degrading human waste.
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TOANTITTATA AT T

BICCEEMICAL T L

FLOW SYSTEM
Cell: Plastic (Lucite)

Electrodes: Platinized screen (90% Pt - 10% Rh), 80 mesh, 0.003 in. diameter
wire, 2-1/8 in. clear diameter, 3.54 sqg. in. geometric area.

Separator: Cellulose acetate (Sargent S-14825, 0.001 in. thick).

\

0-Rings: Silicone (Dow Corning S-7180).

Catholyte: 5 wt. % NaCl - 5% KC1 in sterile, delonized water; non-biological;
bled with puritiied, gaseous oxygen

Weterproof and Chemically Resistant Paint: Temprotec TP 220 Red (Ryan Herco
Products Corp., Burbank, Calif.)

Fuel-Anolyte: 30 gms. non-sterile, human urine (frozen and reheated to 120°F).
Ieces was obtained from volunteers on a low cellulcse diet, and was frozen
immedistely after collection. Homogenized in Osterizer Deluxe (John Oster
Mig. Co., Milwaukee). Bubbled with helium.

XOK-FLOW SYSTEM

i

Cell: Glass, H-Shape, 0-Ring type

Electrodes: Platinized pletinum foil, 1 sg. in. area (non-opposing faces
coated with weterproof and chemicelly resistant paint).

Seperator, O-Rings, Catholyte, Fuel-Anolyte, and Waterproof and Chemically
Resistant Paint: Same as for flow system.
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C:iLOULATION OF HZAVING VALUE
OF LYOPHILIZED, HUMAN (kS

tx

m = weight of sample (1.0200 gnsSe.; Residue = 0,0803; Consumed = 0.,9397 gms.)
t = temperature at time of firing: 28.40°C (83.12°F)

t. = final maximum temperature: 30.20°C (86.36°F)

¢ = nl of base required for acid titration: 17.00 ml; normality of

base used: 0.0725

c, = percentage of sulfur in sample: 0.5905%
c3 = centimeters of fuse wire used: 3.4 cnm
w = energy eguivalenis of calorimeter in caiories per degree centigrade:

2415 cal/°C
El = correction in calories for heat formation of

nitric acid (HNOB) (1 cal/ml) = ¢, if .0725 ¥ alkali was used

1

for acid titration: 17.00

=
]

correction in calories for heat of formation of sulfuric acid
(8,80, ): (1%) (c,) (m): T.77 cal

2774 2
E3 = correction in calories for heat of combustion of fuse wire

2.3 cal/cm: 8.0 cal

t = tf - ta = net temperature rise: 1.80°C

tw-ZE ~-E. ~-E
H = lm 2 5 = 4591 cals./gmo
Bomb Jacket
Temp, Temp.
Initial Temperature 82.25°F 82,25°F

Final Temperature 86.36°F 86.36°F
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TLBLE IZ{Continued)

n = weight of sample (0.9224 gms.; Residue = 0.0758 gms.; Consumed =
0,8466 gms.)

t = temperature at time of firing: 26.90°C (80.%2°F)

t, = final paximum temperature: 28.58°C (83.44°F)

cq = ml of base required for acid titration: 15.75 ml; normality of
base used: 0.0725

c, = percentage of sulfur in sanple: 0.5808%

03 = centimeters of fuse wire used: 4.35 cnm

w = energy equivalents of calorimeter in calories per degree centigrade:
2415 cal/°C

El = correction in calories for heat formation of
nitric acid (HROB) (1 cal/ml) = ¢, if .0725 N alkali was used
for acid titration: 15.75

E2 = correction in calories for heat of formation of sulfuric acid
(stoq): (14) (c2) (n): 6.88 cal

E3 = correction in calories for heat of combustion of fuse wire
2.3 cel/ecm: 10.0 cal,
o= t, - t, = net temperature rise: 1.66°C

t w-8 -E, -8

Hg = i 2 3 4697 cals./gm.
Bomb Jacket
Temp. Tembe
initial Temperature 80.42°F 80.42°F

Final Tenmperature 83 44°F 83.44°F
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PROXIMATE COMPOSITICK OF HUMAN FiCES

Component Weight (gm.) Per cent of Total
Bulk 150
Water 99 66,0
Dry Matter 27 17.8

Fat L, 3.0

Protein ? ?

Nitrogen 1.5 1.0

Carbonhydrate ? ?
Minerals 2,1 1.4

Sodiun ' 0.12

Potassium 0.47

Calcium 0.6k

Magnesium 0.20

Chloride 0.09

Phosphorus 0.51

Sulfur 0.13
Trace klemenis:

Copper

Iron

Lead

fanganese

Nickel

Zinc

Arsenic
Vitamins 0,015 C.01
Bile Pigments 0.15 0.1

[~
<

erence: (oldblith, S.A., and E.L.Wick, "Analysis of Human Fecal

f
omponents and Study of Methods for Their Recovery in Space Systems,"

O t O}

ept. of Nutrition, Food Science and Technology, Massachusetts Institute
f Technology, Aeronautical Systems Division Yech. Rept. 61-419, Wright-
Patterson Air Force Base, Ohio ~ Aug. 1961
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